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University of Michigan, Ann Arbor, Michigan 48109
A method is presented for measuring the frictional sliding II. Analysis
resistance between cracked laminae in a layered ceramic.
(1) Sliding ResistanceThe first step in the test involves using a wedge to completely
The analysis of the sliding resistance and energy absorptioncrack a weak interface along the length of the specimen.
during bending makes use of simple, Eulerian elastic beam-The cracked specimen is then loaded in three-point bending,
bending theory. All of the usual kinematic assumptions areand the load–deflection response is monitored. A deviation
made,7 and, in addition, it is assumed that the frictional slidingfrom linearity is observed when the load is sufficiently high
resistance for a given interface can be characterized by a singlefor sliding to occur between the upper and lower halves of
parameter, s. It also is assumed that the interfaces have a finitethe specimen. The load at which this nonlinearity is first fracture resistance and that interfacial cracking and interfacialobserved can be related to the interfacial sliding resistance. sliding can be considered to be two separate phenomena.A model is then developed to relate the energy absorbed Although interfacial fracture resistance also can be measured
during a load–unload cycle to the frictional sliding resis- using this specimen,8 only interfacial sliding is analyzed in
tance. The analysis is verified using a model system made this study.
from steel, and a ceramic composite made from silicon A schematic illustration of the specimen used to measure
nitride and boron nitride. sliding resistance is shown in Fig. 1. A crack is created by
inserting a wedge into the side of a notched beam of height H
until it splits into two beamlets along a weak plane. TheI. Introduction resulting beamlets have heights h1 and h2. Consider these two
beamlets, of length L, width b, and heights h1 and h2, reassem-MANY experimental techniques have been developed for bled one on top of the other. If the specimen is bent in three-measuring interfacial sliding resistance. These include
point flexure by a force P, a shear stress distribution developsfiber pushout1,2 and pullout3 tests, and indirect techniques
through the thickness of the beam. If no relative sliding occursinvolving the measurement of hysteresis during tensile loading between the beamlets, the shear stress on the interface and
of matrix-cracked composites.4 All these tests are designed within the span has a magnitude given by7
specifically for testing fiber-reinforced composites for which
the mechanical properties are influenced by frictional sliding  
3Ph1h2
b(h1  h2)
3 (1)between the fiber and matrix.5 Although it is likely that fric-
tional sliding resistance also influences the properties of layered Provided that the sliding resistance is greater than this shear
ceramics, currently available methods for measuring this quan- stress, the interface sticks and the beamlets behave as if they
tity are not amenable to the testing of simple, layered materials. were a monolithic beam of height H  h1  h2. The deflection
y at the center of the beam is then given byBecause the mechanical properties of layered materials are




(2)in tension,6 it is likely that components made from layered
materials would be primarily designed to experience flexural
where s is the span between the lower supports, E Young’sloading. In this paper, a simple test is developed that allows the
modulus,§ and Ik given byfrictional sliding resistance to be measured over a range of
sliding displacements and in a geometry that is relevant to
layered ceramics. This method also can be applied to the testing
§In this case, both of the beamlets are made from the same material and, therefore,of laminated, fiber-reinforced composite materials when infor- have the same Young’s modulus, which is assumed to be isotropic. An appropriate
correction can be made to this analysis if the beamlets have different elastic properties.mation about the sliding resistance between plies rather than
between the fiber and matrix is desired. The feasibility of the
method is demonstrated using a model system consisting of
steel beams. The method is then applied to determine the sliding
resistance between laminae of a layered ceramic made from
silicon nitride separated by a weak layer of polycrystalline
boron nitride.
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If the shear stress on the interface exceeds the resistance to
slipping, a change in the compliance of the beam occurs as the
beams begin to slip. For a beam free of friction (s  0), the
deflection of the cracked beam is again given by Eq. (2), where









For the purposes of this analysis, it is assumed that, once
sliding has begun, the magnitude of s does not change the
effective compliance of the cracked beam. In this case, Ip can
be used as the effective second moment of inertia, independent
of the magnitude of s. In addition, it is assumed that sliding
Fig. 2. Predicted load–deflection response for a cracked specimencommences when the shear stress acting on the interface
loaded in flexure. Slipping between the beamlets occurs on loading at abetween the supports exceeds the resistance to slipping. The
load Pl and on unloading at a load Pu. Energy absorbed during the load–load at which slipping begins, Pl, is determined by equating unload cycle is given by the area within the loop.
Eq. (1) to the sliding resistance. The sliding resistance therefore
can be calculated directly from the specimen geometry and the
load at which a deviation from linearity is observed in the load–
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Energy absorption due to frictional sliding can be measured
directly from the hysteresis that occurs during a load–unload




absorption, an ability to predict energy adsorption from interfa-
cial properties is necessary. In this section, a method is devel- ym  yu  yl (7e)
oped to predict energy absorption from the frictional sliding
b2  Pm  mp ym (7f )resistance for a beam containing a single, interfacial crack.
Consider the load–deflection response during a load–unload b3  Pm  mk ym (7g)cycle for the specimen shown in Fig. 1. When loading com-
where   h1/H, T  s/E, and   s/H.mences, no slipping occurs between the beamlets, and the load–
Simplifying Eq. (6), it can be shown that the energy absorbeddeflection response is linear. When the load reaches Pl, the
because of frictional sliding during a load–unload cycle isinterfacial shear stress reaches s, and sliding begins at a con-
given bystant shear stress. At this point, a deviation in the linear load–
deflection response occurs. Loading is continued until an
W  yu yl(mp  mk)  b2 yu  b3 yl (8)arbitrary load Pm is reached, at which point unloading is begun.
Upon unloading, the interfacial shear stress decays and In terms of the normalized parameters, , T, and , W is
becomes negative. Because the magnitude of the shear stress is given by
initially less than resistance to sliding, the interface sticks until
  s, at which point reverse slip begins. The load at which W 
EbH2T3[T  3(  1)]
12[(  1)(1  3  32)]
(9)
reverse slip commences is designated Pu. A schematic of the
load–deflection curve is shown in Fig. 2 for a single load– where  is the normalized peak load, Pm/EbH. Equation (9)unload cycle. shows that the amount of energy that is dissipated during a
The energy dissipated during the complete cycle is the area load–unload cycle is dependent on the span-to-depth ratio of
within the hysteresis loop. This area is given by the beam, maximum load through which the specimen is
cycled, height ratio of the beamlets, and frictional sliding resis-




(mk y) dy  
ym
yl
(mp y  b2) dy  
ym
yu
(mky  b3) dy as a function of the normalized sliding resistance for different
values of the normalized peak load attained during the load–
unload cycle. For a given value of Pm, the energy dissipated by
frictional sliding depends on s. When the sliding resistance is
very small, little energy is absorbed. Similarly, when the sliding 
yu
0
(mp y) dy (6)
resistance is very large, the sliding displacements are small,
and, again, little energy is absorbed. The value of normalized
where mp and mk represent the slopes of the load–deflection sliding resistance that maximizes W for a given value of the
curve in the slipping and sticking regimes, respectively; b2 and normalized peak load, P, is given by
b3 are the ordinate-intercepts for the slipping regime on loading






In practice, once delamination has occurred in a laminated
composite, there is an upper bound on the maximum load that¶Ip is calculated by equating the deflection of the upper and lower beamlets at the
center of the beam. can be subsequently supported. This peak load is determined
Determining Frictional Sliding Resistance and Frictional Energy Dissipation in Layered CeramicsMarch 1997 675
(a) (b)
Fig. 3. (a) Predicted, normalized hysteresis energy plotted as function of the normalized maximum load attained during a load–unload cycle ((---)
predicted response as Pm approaches infinity). (b) Predicted, normalized hysteresis energy plotted versus the beamlet height ratio for different values
of the normalized sliding resistance.
by the yield or fracture strength of the individual layers. sliding surfaces of both beamlets consisted of polycrystalline,
hexagonal boron nitride.Figure 3(a) shows that designing a composite to maximize
All the specimens were tested in a fully articulating, three-energy absorption involves tailoring the sliding resistance to
point bend fixture with free-rolling, hardened, steel pins (Modelmatch Pm, as indicated by Eq. (10). For example, if the strength
W2662-2, Instron Corp., Canton, MA) using a screw-drivenof the layers is increased, higher values of the sliding resistance
testing machine (Model 4483, Instron Corp.) and a load cellare required to maximize energy dissipation.
with a capacity of 5000 N. The span between the lower loadIn Fig. 3(b), the normalized hysteresis energy is plotted as a
points was 40 mm. The machine was run in displacement con-function of the beamlet height ratio, , for different values of
trol at a crosshead displacement rate of 0.1 mm/min during boththe normalized sliding resistance, s/E. Figure 3(b) shows that,
loading and unloading. Specimen deflection was monitoredwhen the height ratio is very small, insufficient shear stresses
using a linear-variable differential transformer (LVDT) deflec-are developed on the interface for sliding to occur. Above this
tometer (Model S2-8321, Instron Corp.) with a resolutioncritical value of the height ratio, energy dissipation increases
of 0.1 m located directly beneath the center loading point.rapidly with the height ratio. However, the critical value of the
Load and deflectometer-displacement data were collected at aheight ratio at which sliding (and, therefore, energy absorption)
rate of 5 points/s using a computerized data-acquisition system.begins, increases with the sliding resistance. Thus, specimen
Because of settling that inevitably occurred between thegeometry is important in maximizing energy absorption in lay-
specimen and load train during the initial stages of loading, itered composites. If the height ratio is too small, or the sliding
was more convenient to measure the sliding resistance fromresistance is too large, little energy is absorbed.
hysteresis loops during partial, rather than full, unloading
cycles. This necessitated a modification to Eq. (6) to calculate
III. Experimental Procedure the sliding resistance. To determine the sliding resistance during
partial unloading, 	P  Pl  Pmin was substituted into Eq. (5)For the initial tests, a model system consisting of three sets
for Pl, where Pmin is the minimum load in the hysteresis loop.of beams prepared from A2 tool steel was investigated. All the
Similarly, on unloading, the sliding resistance was determinedbeams were of length L  52.2 mm and width b  3.7 mm.
by substituting 	P  Pm  Pu for Pl.One specimen was a monolithic bar of height H  5.0 mm. A
second set of specimens consisted of two beamlets with h1 
IV. Resultsh2, and a third set of bars had h1  4h2; the total height for both
sets was fixed at H  h1  h2  5.0 mm. One surface on each
(1) Sliding Resistance—Steel Beamsbeamlet was polished, whereas the opposite surface was ground
using a 220 grit grinding wheel. The sliding resistance between The load, applied over several cycles to two steel specimens
the beamlets was varied by placing either the polished surfaces with different height ratios, is plotted against the deflectometer-
or the ground surfaces in contact with one another. Additional displacement in Figs. 5(a) and (b). As a point of comparison,
experiments were conducted using a thin layer of boron nitride
powder (HCP Grade, Advanced Ceramics Corp., Lakewood,
OH) placed on the interface to act as a solid lubricant.
Another set of experiments was performed in which the
sliding behavior of a ceramic sandwich specimen made from
silicon nitride and boron nitride was investigated. The specimen
consisted of a thin layer of interphase material (75 vol% hexag-
onal boron nitride and 25 vol% silicon nitride) with a thickness
of 250 m sandwiched between thick layers of silicon nitride.
Details regarding the fabrication of this specimen are given
elsewhere.9 The specimen was cracked by inserting a wedge
into a notch that was cut into the specimen and extended into
the interphase (Fig. 4). This drove a crack completely through
the interphase, creating two beamlets with heights of 1.50 and
1.68 mm. Because the crack extended in the interphase rather Fig. 4. Schematic illustration of the procedure used to crack a weak
interface along the length of a beam using a wedge.than at one of the silicon nitride–boron nitride interphases, the
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load–deflection plots for a monolithic steel beam with the same change in compliance occurs on loading and unloading. The
transition between the slopes, however, is less sharp than pre-total height as the beamlets also are shown. These plots show
that the monolithic beam displays virtually imperceptible hys- dicted by the theory. The reasons for this are discussed in
Section V. Despite these minor differences between the modelteresis. This indicates that there is minimal friction in the load-
ing system at the contacts between the loading roller pins and and the prediction, most of the essential features apparent in the
data appear to be captured by the model.the specimen surface. In contrast, all of the other specimens
display measurable hysteresis loops, and the general shape of For the steel beamlets with ground sliding surfaces and a
height ratio of 1 (Fig. 6(a)), the measured value of energythese loops is consistent with the theoretical shape shown in
Fig. 2. Some settling of the specimen–load train is apparent in absorption is 1.32 mJ during a single load–unload cycle com-
pared to the predicted value of 1.43 mJ. For the ground steelthe curves at low loads; this is probably responsible for the
slight residual load that is apparent upon complete unloading. beamlets with a height ratio of 0.2 (Fig. 6(b)), the measured
value of the hysteresis energy is 0.63 mJ compared to theFor a given height ratio of the beamlets, the size of the hystere-
sis loops is dependent on the surface finish of the beams: The predicted value of 0.72 mJ. The measured and predicted values
of the hysteresis energy are shown in Fig. 7 as a function of thebeams with boron nitride powder on the surface exhibit the
narrowest loops, followed by the beamlets with polished sur- load change (the difference between the maximum load and the
minimum load attained during the loading cycle) for thefaces, and then the beams with ground surfaces.
The sliding resistance, determined from the load–deflection ground-steel beamlets. Agreement between the predicted and
measured values of the hysteresis energy is generally good,curves, as described in Section III, is dependent on the condi-
tion of the sliding surface. The sliding resistance is 0.29–0.40 and the trends observed in the data also are apparent in the
predictions. As predicted from the theory, increasing the slidingMPa for the surfaces sprinkled with boron nitride powder, 1.0–
1.5 MPa for the polished surfaces, and 1.1–1.7 MPa for the resistance, increasing the magnitude of the load drop, or
decreasing the beamlet height ratio all result in an increase inground surfaces. For a given surface condition, similar values
of the sliding resistance were measured when the height ratio of the hysteresis energy.
the beams was varied. For example, the sliding resistance for (3) Sliding Resistance—Silicon Nitride–Boron Nitridethe beamlets sprinkled with powdered boron nitride with a
A load–deflection plot for a silicon nitride–boron nitrideheight ratio of 1 is 0.29  0.04 MPa, whereas the sliding
specimen that was cyclically loaded is shown in Figs. 8(a) andresistance for the beamlets with a height ratio of 0.2 is 0.40 
(b). As with the steel specimens, the general shape of the curves0.10 MPa.
is consistent with theoretical predictions. The measured sliding
(2) Energy Absorption during Bending—Steel Beams resistance for this bar has been determined to be 0.65 
0.09 MPa. This is smaller than that measured for the polishedThe energy absorbed during a single load–unload cycle was
calculated using the model and compared to the measured value steel bars, but larger than that for the steel bars with boron
nitride powder sprinkled on the sliding surfaces.of the energy absorbed based on the area within a hysteresis
loop. Because no fitting parameters were used, this provided an A scanning electron microscopy (SEM) micrograph of a
sliding surface created by fracturing a layered ceramic bar isindependent method of verifying the accuracy of the model
with experimental data. shown in Fig. 9. Because fracture occurred in the boron nitride-
containing interphase rather than at the interface, both slidingSingle hysteresis loops for the beamlets with height ratios of
1 and 0.2 and with ground surfaces contacting are shown in surfaces consisted primarily of boron nitride. Fracture occurred
by cleavage of the hexagonal boron nitride grains along theirFigs. 6(a) and (b). Also plotted on these two figures are the
theoretical predictions based on the model developed in Section weak basal planes. The platelet-shaped grains were aligned
roughly parallel to the interface, and the fracture path followedII(2). The theoretical specimen deflection at Pl, Pm, and Pu have
been calculated from the sliding resistance, and the slopes of the the structure of the boron nitride flakes and resulted in a very
rough fracture surface. During sliding, it is likely that thislines have been calculated directly from the specimen geometry
using Eqs. (7a)–(7e) with an appropriate correction being made roughness provided mechanical interlocking until the platelets
were dislodged or deformed, allowing the rough surfaces tofor machine compliance (see Appendix). Comparing the data to
the theoretical predictions shows that the general trends appar- slide over one another. The roughness of the sliding surfaces
may have been responsible for the larger sliding resistanceent in the data are matched by the prediction. For example, the
loading and unloading slopes appear to be similar, and a clear measured in this specimen compared to that measured for the
(a) (b)
Fig. 5. Load–deflection response for steel beamlets with a height ratio h2/h1 of (a) 1 and (b) 4 that were repeatedly loaded and unloaded. Load–
deflection response for a solid beam of height H  h2  h1 also is shown in each plot. No hysteresis is observed in the solid beam but is appreciable
in the beamlets. Width of the loops increases as the sliding surface is varied from powdered boron nitride (BN) to a smooth polished surface (Pol.), to
a rough ground surface (Gnd.).
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(a) (b)
Fig. 6. Single hysteresis loops are shown for ground steel bars with a height ratio of (a) 1 and (b) 0.2. Experimental data are points, and the
predicted behavior based on the model is a solid line.
steel bars sprinkled with loose boron nitride powder. This was
consistent with previous experimental and theoretical studies
that have shown that increased roughness of the fracture surface
can increase the sliding resistance substantially.10,11
(4) Energy Absorption during Bending—Silicon Nitride–
Boron Nitride
The measured value of the hysteresis energy for the cycle
shown in Fig. 8(b) was 0.57 mJ compared to a predicted value
of 0.66 mJ calculated from the interfacial sliding resistance.
Similar agreement between the measured and predicted values
of the sliding resistance was found for all the measured loops.
V. Discussion
(1) Comparison of Results with Previous Results
Because existing methods to determine frictional sliding
resistance are designed for fiber–matrix systems rather thanFig. 7. Measured and predicted hysteresis energy for ground steel
laminates, direct comparisons between the results of the currentspecimens with   1 and   0.2. Measured data are points, and
method and existing methods are difficult. The data that doshaded regions indicate the predicted hysteresis energy based on the
exist for fiber-reinforced composites with boron nitride inter-sliding resistance using the model.
faces result in somewhat larger values of sliding resistance than
(a) (b)
Fig. 8. Load–deflection response for silicon nitride–boron nitride specimen loaded and unloaded (a) several times and (b) for a single load–
unload cycle.
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transition predicted by the model. This transition region can
lead to significant errors in the measurement of energy dissipa-
tion because of frictional sliding. One possible explanation for
the transition region involves the ratio of the length of the
beams, L, to the span, s. Steif and Trojnacki13 have analyzed
the predicted load–deflection response for a layered specimen
containing a number of interfaces assumed to be weak in shear.
They have found that this length-to-span ratio can have a sig-
nificant influence on the load–deflection response. This is
because, prior to the onset of slipping, the shear stress acting
on the interface exists only between the outer loading pins,
whereas resistance to slipping acts over the entire length of
the bar. Thus, slipping should initially occur simultaneously
between the loading pins where the shear stress is constant and
then spread outward as the load is increased and a shear force is
developed outside of the loading pins. The additional load
necessary for the slip zones to extend to the ends of the bar
increases with the length-to-span ratio and the span-to-depth
ratio. Thus, minimizing the length-to-span ratio should mini-
mize the extent of the transition region and, hence, minimize
the error in the calculation of energy absorption. Neglecting
this transition region does not result in errors in determining the
sliding resistance because the sliding resistance is determined
from the first point of deviation from nonlinearity; the errorsFig. 9. SEM micrograph of sliding surface of silicon nitride–boron
result only in predicting the hysteresis energy. In situationsnitride specimen prior to testing, showing roughness of sliding surface
caused by cleavage of boron nitride-platelet-shaped grains. where the length-to-span ratio is large, it is possible to deter-
mine the energy absorption from the sliding resistance by calcu-
lating the load–deflection response, as described by Steif and
Trojnacki.13those found here. For example, Kumaria et al.12 have reported a
value of 6.6 MPa for the sliding resistance between a boron (3) Significance of Energy Absorption during Frictionalnitride-coated silicon carbide fiber in a zircon matrix measured Slidingusing the fiber-pushout technique. However, unlike the case for
Previous studies have shown that layered materials canlayered materials, it is possible that residual stresses present
absorb a significant amount of energy during a flexural test.14,15because of thermal anisotropy between the fiber and matrix
Folsom et al.6 and Phillipps et al.16 have attributed the enhancedsignificantly influence the sliding resistance. For example,
energy dissipation in these materials to the increased interfacialKumaria et al. have reported axial, compressive residual
crack area that is created when crack deflection occurs at weakstresses acting on the fiber–matrix interface of 3–4 GPa. Given
interfaces between the layers.16 The contribution from increasedthat such residual stresses are not present at the sliding interface
interfacial crack area to the total energy absorbed (the work-of-of a cracked layered ceramic and that normal loads acting on
fracture or WOF) during a flexure test can be determined bythe interface because of the applied force at the loading pins are
multiplying the interfacial crack area by the interfacial fracturerelatively modest (2.5 MPa), the current values of sliding
resistance. If the only mechanism for energy dissipation is theresistance appear reasonable.
creation of interfacial crack area, the WOF and the calculated
(2) Influence of Specimen Geometry on the Measurement energy absorption should agree.of Sliding Resistance and Energy Absorption Phillipps et al.14 have reported that the measured WOF dur-
The geometry of the specimen can have a significant influ- ing a flexural test for a typical silicon carbide–graphite layered
ence on errors in measuring the sliding resistance and the specimen is 50 mJ for a specimen containing 15 layers. The
energy dissipation. Among the influences that are discussed maximum in the contribution to energy absorption by the cre-
in this section are the span-to-depth ratio, height ratio of the ation of crack area would occur if every layer completely
beamlets, and span-to-length ratio of the specimen. delaminated, which would lead to the absorption of 28 mJ.
The span-to-depth ratio influences the ratio of the normal However, observations suggest that delamination cracking is
stresses generated in the beamlets to the shear stress developed usually incomplete, and delamination does not occur at every
at the cracked interface. If the span-to-depth ratio is too large, interface; therefore, the actual contribution to energy absorption
the normal stresses that develop in the beam because of the from interfacial cracking is even less.17,18 Similarly, Folsombending moment crack or plastically deform the beamlets et al.19 have shown that the WOF for a six-layer compositebefore slipping at the interface occurs. If the span-to-depth ratio made from alumina sheets and fiber-reinforced epoxy isis too small, slipping may occur at loads that are too low to
0.60 J. The measured interfacial fracture energy between thedetect. Thus, the optimum span-to-depth ratio must be deter-
alumina and the fiber-reinforced epoxy is 155 J/m2, yielding amined for a given material and testing system.
maximum total contribution from interfacial cracking ofThe height ratio of the beamlets also influences the ratio of
0.23 J. The discrepancies between the measured WOF andthe shear stress to normal stress in a similar manner because the
the energy absorption calculated from the creation of interfacialshear stress prior to the onset of slipping drops parabolicly
crack area indicate that an additional source of energy dissipa-away from the center of the beam. If the height ratio, , is too
tion must exist.small, cracking of the thinner layer may occur prior to slipping
As we have shown, frictional sliding between cracked layerson the interface. The height ratio also influences the relative
is a potent source of energy dissipation that may account for thisslope change between the sticking and slipping regimes on a
discrepancy. The energy dissipated by a specimen containingload–deflection plot; the largest change in slope occurs when
multiple cracks can be calculated by multiplying the slidingthe height ratio is 1. Although the height ratio should not
resistance by the displacement of each layer. If it is assumedinfluence the measured value of the sliding resistance, in prac-
that the silicon carbide–graphite system that was tested bytice it has been found that more consistent values of the sliding
Phillipps et al.14 had a sliding resistance similar to that of theresistance are acquired when the change in slope is distinct.
silicon nitride–boron nitride system, an average sliding distanceIt has been noted that the transition between the sticking and
slipping regimes is somewhat more gradual than the sharp of 300 m/layer would be necessary to account for the observed
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energy dissipated during the flexural test. Experimental evi- is simply added in the same manner shown in Eq. (9) to the
theoretical stiffness in the sticking and sliding regimes (mk anddence suggests that sliding distances of this magnitude are
commonly observed in layered materials.17,20 mp, respectively).
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